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caused by excessive tension loading is the leading cause of tendon disease. Bi et al. have demonstrated that tendon stem cells (TSCs) are the precursors of tendon cells and are capable of differentiating into multiple lineages and possess multiple differentiation capacity [2] . Gulotta et al. found that TSCs have a biological function similar to that of mesenchymal stem cells (MSCs) or bone marrow mesenchymal stem cells (BMSCs) and that they are directly involved in and play a critical role in the regeneration and repair of tendon micro-damage [3, 4] ,Chen et al. found that platelet-rich plasma combined with TSCs is potentially effective direction of cell differentiation. An in vitro study found that under 4% mechanical tension, TSCs mainly differentiated into tendon cells and were involved in the regeneration and repair of tendon tissue; under 8% tension, TSCs differentiated into non-tendon cells (adipose cells, chondrocytes and osteoblasts) [6] . However, the mechanism by which mechanical tension induces morphological and cytoskeletal changes in TSCs that lead to osteogenic differentiation is unclear. The c-Jun amino N-terminal protein kinases (JNKs) are involved in the phosphorylation of c-Jun at the N-terminal Ser-63 and Ser-73 sites in the transcriptional activation domain [7, 8] . Activated JNK exhibits mechanical sensitivity and is associated with osteogenic differentiation and bone formation [9] [10] [11] [12] , activation of the JNK signaling pathways upstream and downstream effectors upregulate the expression of the osteogenic gene Runx2 [13] [14] [15] [16] . Tetsunaga et al. found that SW1353 chondrosarcoma cells increased Runx2 expression in response to mechanical tension via the JNK signaling pathway [17] . The Wnt/PCP (planar cell polarity) signaling pathway regulates the JNK signaling pathway. The activation of Wnt signaling pathway modulates the proliferation and differentiation of osteoblasts [18] [19] [20] . In vertebrates, the Wnt5a, Wnt5b, and Wnt11 ligands, as well as other ligands, activate Frizzled receptors and a co-receptor, Ror2, which then activate the G protein and Dvl within a trimetric complex that assembles into a Dvl/effector complex. The Dvl-Rac1 complex then activates JNK to regulate the cytoskeleton and cell adhesion [21] [22] [23] . Rac1 is a small molecule GTP enzyme that is involved in regulating cell differentiation and the osteogenic differentiation of MSCs [24, 25] . Ror2, a receptor tyrosine kinase (RTK)-related receptor, binds to Wnt5a and Wnt5b and is Dvl or Ca 2+ dependent. Ror2 is associated with osteogenic differentiation and JNK activation [26] [27] [28] [29] . A recent study by Park et al. found that the JNK signaling pathway promotes the osteogenic differentiation of mouse MC3T3-E1 cells [30] . Charoenpanich and others have recently shown that the Wnt5b signaling pathway is associated with the osteogenic differentiation of human mesenchymal stem cells (hMSC) induced by mechanical tension [31] . However, it is unclear whether the non-canonical Wnt-JNK signaling pathway regulates the mechanical stress-induced osteogenic differentiation of stem cells. We speculated that uniaxial mechanical tension (UMT) may induce the osteogenic differentiation of rat tendon-derived stem cells (rTDSCs) through the Wnt5a/b/Ror2/Rac1/ JNK signaling pathway. This study aimed to explore whether UMT elicited the osteogenic differentiation of rTDSCs and to analyze the contribution of the Wnt5a/Wnt5b/JNK signaling pathway to the UMT-induced osteoblast differentiation of rTDSCs. and 10% fetal bovine serum (all from HyClone, Logan City, Utah, USA). To enable colony formation, the isolated rTDSCs were cultured at 37°C in a 5% CO 2 atmosphere. Three days after initial plating, the rTDSCs were washed once with PBS to remove the non-adherent cells. At day 7, the rTDSCs were trypsinized as passage 0 (P 0 ).
Materials and Methods
with PBS, and blocked in 2% goat serum for 1 hour. After washing with PBS, the rTDSCs were incubated with antibodies against nucleostemin, Oct-4 and Nanog (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 3 hours at room temperature. After washing with PBS, a Cy3-conjugated secondary antibody (Santa Cruz) was applied for 30 minutes. After counterstaining with DAPI (Sigma-Aldrich, St. Louis, MO, USA), the rTDSCs (2×10 6 at P 2 ) were centrifuged at 12,000 g for 5 minutes; the supernatant was discarded, and the cells were re-suspended in 300 µl of PBS. A total of 3.0×10 5 events were counted for each sample. Antibody (1 µg) was added to each sample. The samples were then incubated for 30 minutes at room temperature, washed with PBS, and centrifuged at 12,000 g for 5 minutes; the supernatant was cytometry (Becton Dickinson, San Jose, CA, USA). The following antibodies were used: anti-CD31 (ab33858; Abcam, Cambridge, UK), anti-CD90 (ab33694; Abcam, Cambridge, UK), anti-CD44 (ab23396; Abcam, Cambridge, UK) and anti-CD34 (sc-7324, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Osteogenic differentiation assays rTDSCs were cultured in GM. After 24 hours, the GM was carefully aspirated from each well, and 2 ml of induction medium was added (GM supplemented with 10 nM dexamethasone, 2 mM glutamine, 5 mM -glycerophosphate, 50 mM ascorbate, 100 U/ml penicillin, and 10 µg/ml streptomycin; all from Cyagen Biosciences Inc, Santa Clara, CA, USA). The cells were fed with fresh induction medium every 3 days. After 21 ml of 4% formaldehyde solution for 30 minutes, rinsed twice with PBS and stained with 1 ml of Alizarin Red working solution (Cyagen Biosciences Inc., Santa Clara, CA, USA) for 5 minutes. The wells were rinsed twice hRNA and JNK1-cDNA). After fresh DMEM was added, the transfected rTD Biochemical agents and shRNA and cDNA transfections rTDSCs were exposed to 10 µM SP600125 (ab120065; Abcam, Cambridge, UK) or 50 µM anisomycin (CAS 22862-76-6; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 30 minutes before UMT stimulation. Recombinant lentiviral vectors expressing Wnt5b-shRNA and JNK1-shRNA were constructed by BioWit Technologies Co., Ltd (Shenzhen, China); the shRNAs were inserted into a lentiviral expression vector transfected into 293T cells; the titer of the recombinant Wnt5b-shRNA lentivirus was 8×10 8 infectious units per mL, and the titer of the recombinant JNK1-shRNA lentivirus was 1×10 8 Uniaxial mechanical tension rTDSCs at P 2 were plated at a density of 2×10 4 cells/cm 2 in 2.5 ml of GM in 14 silicone culture dishes (B-Bridge International, Inc., Cupertino, CA, USA). The bottom of each dish was coated with type I collagen (Sigma-Aldrich, St. Louis, MO, USA). The cells were then incubated for 24 hours at 37°C in 5% CO 2 to Technologies Co., Ltd., Chongqing, China). The settings for the UMT were the following: 1 HZ frequency, 8% elongation, 4 hours at each tension, and a 4 hour interval. The other silicone dishes served as the nonloading control (NC) group.
Cytoskeletal staining rTDSCs were plated in silicone dishes at a concentration of 2×10 4 cells/cm 2 . When the rTDSCs had elongation for 4 hours; each tension interval was 4 hours. After a total of 24 hours of UMT, rTDSCs were phalloidin (p2141, Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 1 hour and washed twice with PBS. rTDSCs were exposed to DAPI for 10 minutes to stain the nuclei and were washed twice with PBS. rTDSCs were observed using a confocal microscope (Carl Zeiss, Jena, Germany).
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Regulation of Runx2 expression by Wnt5a/Wnt5b in rTDSCs after UMT decreased in rTDSCs after transfection with Wnt5a-shRNA and Wnt5b-shRNA for 3 days compared with the shRNA-control group. After 60 hours of UMT, Runx2 protein expression was lower in the 8%+Wnt5a-shRNA and 8%+Wnt5b-shRNA groups compared with the 8%+shRNA-control group (Fig. 4E) .
UMT induced cytoskeletal changes and regulated Runx2 expression in rTDSCs through JNK
In rTDSCs exposed to 8% elongation, actin was depolymerized and clearly broken, and elongation group, suggesting that irreversible cytoskeletal changes had occurred (Fig. 5A) . After 48 and 60 hours of UMT, P-JNK1/JNK2/JNK3 levels were higher in the UMT groups than in the NC group (Fig. 5B) . To verify whether JNK regulated UMT-induced Runx2 expression, rTDSCs were treated with the JNK inhibitor SP600125 and the JNK activator anisomycin for 30 minutes before UMT induction. SP600125 decreased Runx2 mRNA expression, and anisomycin increased Runx2 mRNA expression in rTDSCs after UMT induction for 48 and 60 hours compared with the 8%+no drug group (8%+Veh) (Fig. 5D ). After UMT for 60 hours, Runx2 protein expression was higher in the 8%+Veh group than in the NC group, and Runx2 protein expression was higher in the anisomycin group than in the 8%+Veh group; however, SP600125 decreased Runx2 protein levels compared to the 8%+Veh group (Fig. 5C) . (Fig. 7A ) .The P-JNK1 level were lower in the 8%+shRNA-Wnt5a and 8%+shRNA-Wnt5b groups than in the 8%+shRNA-control group after UMT for 60 hours. The UMT-induced upregulation of P-JNK1 level was suppressed in rTDSCs transfected with Wnt5a-shRNA and Wnt5b-shRNA; the loading control. (E) 3 days after transfection with Wnt5a-shRNA, Wnt5b-shRNA and Wnt5a-shRNA+Wnt5b-shRNA, rTDSCs were treated with 8% UMT for 60 hours. The Runx2 protein levels are shown relative to the 8%+shR-NA-control group. GAPDH was used as the loading control. Sh-con: shRNA-control; ShWnt5a: Wnt5a-shRNA; ShWnt5b: Wnt5b-shRNA. (Fig. 7B) . The UMTinduced upregulation of Runx2 protein expression was suppressed in rTDSCs transfected with shRNA-Wnt5a and shRNA-Wnt5b compared to the 8%+shRNA-control group. Runx2 protein expression was restored by the addition of anisomycin (Fig. 7C ).
Discussion majority of scholars believe that tendinopathy is caused by chronic fatigue and excessive stem cells in tendon tissue [2] , named TDSCs. TDSCs have the capacity for multipotent differentiation, and studies have shown that TDSCs undergo osteogenic differentiation in response to mechanical stress [37] . Lui et al. proposed that TDSCs differentiate into nontenocytes in response to mechanical stress, which may be the cause of the heterotopic study aimed to investigate the mechanism of TDSC osteogenic differentiation in response to Before UMT, rTDSCs were treated with 10 µM SP600125 or 50 µM anisomycin for 30 minutes. Runx2 mRNA expression was detected after UMT treatment for 48 and 60 hours. The data are presented as the fold chanand 8%+anisomycin groups after UMT for 60 hours relative to the NC group. GAPDH was used as the loading control. NC group: non-loading control group; 8%+Veh: 8% UMT without drug treatment. The data are presented as the relative change compared to the 8%+shRNA-control -cin. (B) rTDSCs were transfected with Wnt5a-shRNA and Wnt5b-shRNA for 3 days; 30 minutes before UMT, anisomycin was added to the Wnt5a-shRNA and Wnt5b-shRNA groups. Western blot of P-JNK1 after 60 hours of UMT was performed with total JNK1 as the loading control. (C) rTDSCs were transfected with Wnt5a-shRNA and Wnt5b-shR-NA for 3 days; 30 minutes before UMT, anisomycin was added to the Wnt5a-shRNA and Wnt5b-shRNA groups. Cellular Physiology and Biochemistry [39] . In this study, osteogenic differentiation of rTDSCs was observed after intermittent UMT, as was increased mRNA expression of osteogenic genes (Runx2, Dlx5, Alpl, and Col 1a1), increased Runx2 protein expression and positive ALP staining, indicating that UMT induced the osteogenesis differentiation of rTDSCs. The current research showed that, in addition to the UMT-induced osteogenic differentiation of rTDSCs, the mRNA and protein expression of the non-canonical Wnt molecules Wnt5a/Wnt5b and the mRNA expression of Ror2 and its downstream small molecule GTP enzyme Rac1 were also elevated. Previous studies have shown that Wnt5a/Wnt5b mRNA is enhanced in stem cells under mechanical stress and that this effect is associated with osteogenic differentiation [29] [30] [31] . In a study by Shi et al., Wnt5a mRNA expression increased in rTDSCs after UMT, although Wnt5b mRNA expression was not increased [40] ; these results differed from those of our study, and this discrepancy may be due to differences in the mechanical tension system or in the mechanical elongation, frequency, periodicity or duration. When shRNAs were used to knock down the expression of Wnt5a and Wnt5b, the UMT-induced osteogenic differentiation of rTDSCs was inhibited, indicating that the UMT-induced osteogenic differentiation of rTDSCs was regulated by Wnt5a and Wnt5b. Cytoskeletal changes were observed in rTDSCs after UMT. JNK is a cytoskeleton regulator, and the phosphorylation of JNK1/JNK2/JNK3 increased after UMT. The JNK activator anisomycin promoted the UMT-induced mRNA and protein expression of the osteogenic gene Runx2; the converse was observed with the JNK inhibitor SP600125. These results indicated that JNK may modulate the UMT-induced osteogenic differentiation induce p38-MAPK, and SP600125 can inhibit a number of kinases in addition to JNK [41] . p38-MAPK also regulates stress-stimulated osteogenic differentiation [42] . The JNK gene has three isoforms, JNK1, JNK2, and JNK3; among them, JNK1 is mainly associated with osteogenic differentiation [43] [44] [45] . Therefore, we used JNK1-cDNA and JNK1-shRNA to expression, whereas JNK1-shRNA inhibited Runx2 protein expression. The mechanism for this may involve force transmission, in which activated JNK and ERK1/2 convert mechanical stress to intracellular molecular events that lead to gene expression, protein synthesis, cell proliferation and cell differentiation [46, 47] . When rTDSCs were exposed to UMT after shRNA-mediated knockdown of Wnt5a/Wnt5b, JNK activity decreased, and osteogenic differentiation was inhibited. The inhibition of osteogenesis was rescued by the JNK activator, anisomycin, or by JNK1-cDNA, indicating that Wnt5a/Wnt5b is located upstream of JNK and regulates the function of JNK. These data suggested that the effect of Wnt5a/Wnt5b on UMT-induced osteogenesis was mediated by JNK. The non-canonical Wnt pathways include Wnt/PCP, Wnt/JNK, Wnt/calcium and Wnt/Rho [11] . The Rho and JNK signaling pathways both regulate the cytoskeleton and are associated with osteogenic differentiation, but the relationship between them is unclear. Studies have shown that JNK is independent of Rho but is regulated by Rac GTPase [48, 49] . Some scholars believe that in the process of eye development, JNK is another downstream effector of Dvl and is activated by RhoA, thereby regulating the PCP signaling pathway [50, 51] . Studies by Wang et al. have shown that Wnt5a/JNK regulates cell movement independent of or dependent on the RhoA pathway [52] . Whether the RhoA and JNK pathways regulate each other during the UMT-induced osteogenic differentiation of TDSCs remains to be studied. Both the current study and Wang et al. observed increased mRNA expression of adipogenic-related genes, such as PPARgamma2, during the UMT-induced osteogenic differentiation of rTDSCs [6] . However, many studies have shown that osteogenesis and adipogenesis are mutually inhibitory [53, 54] . Whether the non-canonical Wnt signaling pathway regulates both adipogenic and osteogenic differentiation under mechanical stress awaits further study.
In conclusion, our study showed that the UMT-induced osteogenic differentiation of rTDSCs was regulated by the Wnt5a/Wnt5b/JNK signaling pathway. This work provides mechanical tension.
